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Open access under the ElsThis study investigated the mechanism of cytotoxicity of octyl (G8) and dodecyl (G12) gallates in a mur-
ine melanoma cell line (B16F10). For this purpose, several methods to measure cell viability were used to
determine if the cytotoxicity induced by these gallates corresponds to a general or an organelle-speciﬁc
effect. Furthermore, the mechanisms related to apoptosis were examined, by studying the caspase-3
activity, oxidative stress, mitochondrial potential and the expression of anti- or proapoptotic proteins.
When comparing the various methods of assessing cell viability, the tested gallates showed a higher cyto-
toxicity in the assay that indicates lysosomal activity, compared with the assays that indicate mitochon-
drial and ribosomal activities. Both gallates promoted the release of lactate dehydrogenase into the
medium, indicating an effect on cell membrane integrity. The gallates also promoted cellular oxidative
stress, mitochondrial depolarization and an increase in caspase-3 activity. Furthermore, the gallates
induced an increase in proapoptotic (Bax) and a decrease in antiapoptotic (Bcl-2) proteins expression.
Our results indicate that the apoptotic cell death induced by G8 and G12 in B16F10 cells involves lipid
membrane damages, lysosomal and mitochondrial dysfunction, which was accompanied by alterations
in apoptotic proteins expression and seems to be triggered by cellular oxidative stress.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Cutaneous malignant melanoma (CMM) presents signiﬁcant
morbidity and a high mortality rate and is the most dangerous of
all common skin cancers because of its propensity to metastasize.
The number of melanoma cases worldwide is increasing faster
than any other cancer. In contrast to other types of cancer, CMM
frequently affects young individuals, with a mean age of 50 years
(Ferrari et al., 2008). The treatment of patients with advanced mel-
anoma remains an important issue to be investigated. The same
chemotherapies that are effective in numerous types of cancer
are largely ineffective in melanoma (Huncharek et al., 2001). In
addition, many novel therapies are currently under investigation.
Chemotherapeutic agents with discreet antitumor efﬁcacy in met-
astatic melanoma include DNA alkylating agents (dacarbazine,
temozolomide, nitrosoureas), platinum analogs and microtubular
toxins. These agents have been used alone or in combinationx: +55 48 3721 5642.
gmail.com (T.B. Creczynski-
evier OA license.(Bhatia et al., 2009). An understanding of the mechanisms respon-
sible for melanoma’s oncogenesis is critical for developing success-
ful therapies. The deregulation of apoptosis signaling contributes
to tumor-cell transformation. According Russo et al. (2009), mela-
noma’s resistance to apoptosis and chemotherapy can be explained
as a consequence of the deregulation of the intrinsic (mitochon-
drial-dependent) apoptotic pathway. It has been shown that mela-
noma cells have low levels of spontaneous apoptosis in vivo,
compared with other tumor cell types and are relatively resistant
to drug-induced apoptosis in vitro (Gray-Schopfer et al., 2007).
Overexpression of the antiapoptotic protein Bcl-2 has been found
in melanoma and melanocytes, and this alteration was demon-
strated to be involved in melanoma’s progression and chemoresis-
tance (Ji et al., 2010). Therefore, as changes in apoptotic pathways
or in their regulatory mechanisms are key events in human malig-
nancies, these pathways are interesting targets for therapeutic
intervention.
Pharmacological studies with compounds extracted from
medicinal plants, particularly ﬂavonoids, and synthetic derivatives
of natural compounds have generated increased interest from the
scientiﬁc community in recent years (Arts et al., 1999; Mamede
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tance of these molecules, such as their antioxidant effect, which
protects the body from various diseases, including cancer (de
Gaulejac et al., 1999).
The biological properties of gallic acid, which bears a tri-
hydroxylated phenolic structure and is an intermediate of second-
ary plant metabolism, and its analogs have been widely investi-
gated. Gallic acid and some esters of gallate, such as octyl and
lauryl gallates, are widely used as scavengers of reactive oxygen
species (ROS) (Li et al., 2005). However, these compounds have
been demonstrated to have various cytotoxic and antiproliferative
effects on tissues and cells (Jagan et al., 2008).
The antioxidant effect of the gallate esters is closely related to
their hydrogen donor activity (Serrano et al., 1998), while the cyto-
toxic effects of gallate compounds are assumed to be due to the
pro-oxidant action, not to their antioxidant capacity (Sierra-
Campos et al., 2009); their antiproliferative effect is thought to
be a consequence of an inhibitory activity on protein tyrosine
kinases (Serrano et al., 1998). Several studies have reported the
anticarcinogenic effects of gallic acid and some of its derivatives
in studies using animal models or human cell lines (Calcabrini
et al., 2006; Chen et al., 2009; Galati and O’Brien, 2004; Giftson
et al., 2010; Kawada et al., 2001). Gallic acid ester derivatives, such
as octyl and dodecyl gallates, showed an inhibitory potency on
protein kinase activity, which results in a 50–250 times greater
apoptosis induction than that of its precursor gallic acid for various
human cell lines tested, indicating a selectivity for fast-growing
cells. These ﬁndings support the study of octyl and dodecyl gallates
as potential anticancer agents. It was shown that octyl gallate
induces apoptosis with DNA fragmentation in rat and human hepa-
tocytes (Inoue et al., 1994; Nakagawa et al., 1997) and in other
types of human tumor cells (Serrano et al., 1998). Dodecyl gallate
disrupts the mitochondrial membrane potential, promotes the ef-
ﬂux of cytochrome c to the cytosol, activates the caspase cascade
and induces oligonucleosomal breakdown of DNA on a mouse
lymphoma cell line (Roy et al., 2000). It was also demonstrated that
dodecyl gallate not only prevents the formation of chemically in-
duced skin tumors in mice but is also able to kill selectively tumor
cells in established tumors (Ortega et al., 2003).
A screening of the cytotoxic activity of gallic acid and its n-alkyl
esters derivatives in the B16F10 murine melanoma cell line was
performed in previous studies in our laboratory using the MTT via-
bility test. In that study, the gallates that induced cell death by
apoptosis with an IC50 value below 50 lM after 24 h of incubation
were selected. The mechanistic studies with these gallates in
B16F10 cells showed that octyl gallate induces free radical gener-
ation, decyl and dodecyl gallates activate the transcription factor
NF-jB and tetradecyl gallate promotes the inhibition of cell adhe-
sion (Locatelli et al., 2009).
Based on the mechanisms suggested above and on the size of
the lateral chain of the gallic acid ester derivatives, we selected oc-
tyl and dodecyl gallates for further studies to determine their inﬂu-
ence on apoptosis signaling in B16F10 cells.2. Materials and methods
2.1. Chemicals
The cell culture media and fetal calf serum were purchased
from Cultilab (São Paulo, Brazil). The antibiotics (penicillin/strepto-
mycin) were purchased from GIBCO (Grand Island, NY, USA), the
DEVD-AMC ﬂuorogenic substrate for caspase-3 from Biomol Inter-
national (Plymouth Meeting, PA, USA), the JC-1 probe (5,50,60,6-tet-
rachloro-1,10,3,30-tetraethylbenzymidazolcarbocianyne iodide) and
DCFH2-DA (20,70-dichloroﬂuorescein diacetate) from Invitrogen(Carlsbad, CA, USA) and the solvent dimethyl sulfoxide (DMSO)
from Merck (Darmstadt, Germany). The speciﬁc antibodies were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA) or Cell Signaling Technology Inc. (Danvers, MA, USA), as indi-
cated below, and all other reagents were purchased from Sigma–
Aldrich (St. Louis, MO, USA).
Stock solutions of gallic acid (GA), octyl gallate (G8) and dodecyl
gallate (G12), at a ﬁnal concentration of 20 mM, were prepared in
100% DMSO and diluted in cell culture medium to a maximum ﬁnal
concentration of 0.5% of the solvent.
2.2. Cells
B16F10 (mouse melanoma) cell line was purchased from Banco
de Células do Rio de Janeiro, Rio de Janeiro, Brazil. The cells were
cultured in Dulbecco’s Modiﬁed Eagle’s Medium (DMEM), supple-
mented with 1.5 g/l sodium bicarbonate, 10 mM HEPES, pH 7.4,
100 U/ml penicillin G, 100 lg/ml streptomycin and 10% fetal calf
serum at 37 C in a humidiﬁed atmosphere consisting of 95% air
and 5% CO2. Cells were passaged approximately twice a week
and detached using a 0.25% trypsin–EDTA solution. Cultures with
75–90% conﬂuency and greater than 95% of viable cells in try-
pan-blue exclusion tests were use for the experiments, and the
cells were seeded the day prior to the addition of the compound.
2.3. Lactate dehydrogenase (LDH) activity
The catalytic activity of LDH is determined by the rate of disap-
pearance of NADH measured at 340 nm. Brieﬂy, 1  105 cells/well
were seeded in 24-well plates and incubated for 24 h with G8
and G12. Kinetic monitoring of LDH activity in the supernatant
was performed spectrophotometrically (T6 UV–Vis spectropho-
tometer, Beijing Purkinje General Instrument Co. Ltd., China) at
340 nm (Boo et al., 2009). LDH activity was calculated using a mo-
lar extinction coefﬁcient for NADH at 340 nm of 6220 M1 cm1.
The values were normalized as a percentage of cell viability, con-
sidering 100% viable cells in the control. The loss of cell viability
was calculated as the percentage increase in LDH activity in the
extracellular environment.
2.4. Sulforhodamine B assay
The sulforhodamine B (SRB) test is used to determine the cell
density based on the protein content of viable cells. B16F10 cells
(1  104) were seeded in 96-well plates and incubated for 24 h
with G8 and G12. The results were expressed as a percentage of
the control, in which the ﬂuorescence intensity obtained was con-
sidered equivalent to 100% viable cells (Vichai and Kirtikara, 2006).
2.5. Neutral red uptake assay
The neutral red (NR) uptake assay is based on the ability of via-
ble cells to incorporate and bind the NR dye in lysosomes (Repetto
et al., 2008). B16F10 cells were seeded at a density of 1  104 cells/
well in 96-well plates and incubated with G8 and G12 for 24 h. The
NR incorporated within lysosomes was extracted and monitored
spectrophotometrically (ELx800 Absorbance Microplate Reader,
BioTek Instruments Inc., Winooski, VT, USA) at 540 nm. The results
were expressed as a percentage of the control, considering the
optical density obtained in the control group as equivalent to
100% viable cells.
2.6. MTT assay
The MTT method was used to determine cell viability through
measurement of mitochondrial activity (Mosmann, 1983). Cells
Clarissa A.S. de Cordova et al. / Toxicology in Vitro 25 (2011) 2025–2034 2027(1  104) were seeded in 96-well plates and incubated with
0.5 mg/ml MTT at 37 C for 2 h. The purple formazan formed was
monitored spectrophotometrically (ELx800 Absorbance Microplate
Reader, BioTek Instruments Inc., Winooski, VT, USA) at 540 nm. The
optical density of the control group (cells without the compounds)
was considered equivalent to 100% viable cells, and cell viability
was calculated as a percentage of the control.
2.7. Analysis of DNA content
The isolation of DNA was based on the method described by
Han Rui (Cao et al., 2004). Brieﬂy, 3  106 B16F10 cells were seeded
in 96-well plates and incubated with G8 and G12 for 24 h. DNA
amount was quantiﬁed spectrophotometrically (e260 = 20 mg1
cm1) (Cavaluzzi and Borer, 2004).
2.8. Determination of caspase-3 activity
Caspase-3 activity was monitored by the production of ﬂuores-
cent AMC from DEVD-AMC ﬂuorogenic substrate for caspase-3 and
related cysteine proteases. Brieﬂy, B16F10 cells were seeded in a
six-well plate (1  106 cells/well) and treated with 50 lM of G8
and G12 for a time period ranging from 15 min to 24 h. Cleavage
of the ﬂuorogenic substrate was detected spectroﬂuorimetrically
(Perkin Elmer LS55, Boston, MA, USA) after 2 h of incubation at
37 C, using excitation and emission wavelengths of 380 and
460 nm, respectively (Zuse et al., 2007). The result was expressed
in arbitrary units of ﬂuorescence, considering the activity of the
control as one unit.
2.9. Mitochondrial membrane potential assessment
The possible effect of G8 and G12 in disturbing mitochondrial
membrane potential was evaluated using the ﬂuorescent probe
JC-1. B16F10 cells were seeded in 12-well plates (5  105 cells/well)
and incubated with 50 lMof G8 and G12 for 15 min at 37 C. At the
end of the incubation time, cells were stained with 10 lg/ml JC-1
for 20 min at 37 C. The evaluation was performed by the visualiza-
tion of the cells under a ﬂuorescence microscope (Nikon Eclipse
TS100 inverted microscope, Nikon Instruments Inc., Melville, NY,
USA) and by the quantiﬁcation of green and red ﬂuorescences
spectroﬂuorimetrically (Perkin Elmer LS55, Boston, MA, USA). The
excitation wavelength for JC-1 is 488 nm, and the red and green
emission ﬂuorescence were detected at 590 and 527 nm, respec-
tively (Cossarizza et al., 1993). The red/green ﬂuorescence ratio
for each sample was calculated and normalized as a percentage of
the untreated control (100%). The changes in mitochondrial poten-
tial were indicated as a decrease in the red and green ﬂuorescence
intensity ratio. FCCP (1 lM), a chemical electron transport
uncoupler, was used as a positive control.
2.10. Reactive species generation
The production of intracellular reactive species was evaluated
using the DCFH2-DA probe. B16F10 cells were seeded in 24-well
plates (3  105 cells/well) and incubated for 3 h with 50 lM of
G8 and G12. At the end of the incubation time, cells were stained
with 10 lMDCFH2-DA for 30 min at 37 C. The evaluation was per-
formed by the visualization of cells under ﬂuorescence microscope
and by the quantiﬁcation of green ﬂuorescence in the spectroﬂuo-
rimeter (Perkin Elmer LS55, Boston, MA, USA) after the cells’ re-
moval from the culture plate, using wavelengths of excitation/
emission of 480/520 nm, respectively (Sauer et al., 2003). An ana-
lytical curve was performed using a standard DCF solution to ana-
lyze the results, which were subsequently normalized as a
percentage of the untreated control (100%).2.11. Cell extract for oxidative stress evaluation
B16F10 cells were seeded in six-well plates (3  106 cells/well)
and incubated with 50 lM of the gallates for 3 h at 37 C. The cell
extract was obtained at 4 C by adding lysis buffer (20 mM sodium
phosphate buffer, pH 7.4, 150 mM NaCl, 1% Triton X-100 contain-
ing 1%, plus the protease inhibitors 1 mM PMSF, 1 lg/ml pepstatin
A, 1 lg/ml leupeptin and 5 lg/ml aprotinin), followed by ultra-son-
ication. The cell lysate was centrifuged at 10,000  g for 10 min at
4 C, and the fresh supernatant was used to determine catalase
activity and the extent of lipid peroxidation. The protein concen-
tration was determined by Lowry’s method using bovine serum
albumin as a standard.
2.12. Catalase activity
Catalase activity was measured according to the procedure de-
scribed by Aebi (1984). Enzyme activity was calculated using the
molar extinction coefﬁcient of hydrogen peroxide (43.6 M1 cm1)
at 240 nm. All samples were analyzed in duplicate, and values
were expressed as percentages of the untreated control (100%).
2.13. Lipid peroxidation
Lipid peroxidation was assessed by analysis of thiobarbituric
acid-reactive substances (TBARS) in the cell extract supernatant
(0.3 mg protein) at 535 nm. The TBARS concentration in the sample
was calculated using the molar extinction coefﬁcient of malondial-
dehyde (1.56  105 M1 cm1) at 535 nm (Bird and Draper, 1984).
The ﬁnal values were expressed as a percentage of lipid peroxida-
tion compared to the untreated control.
2.14. Western-blot analysis
B16F10 cells were seeded in six-well plates (3  106 cells/well)
and treated with G8 and G12 for 15 min at 37 C. Next, the cell ly-
sate was obtained and the proteins samples for the immunoassay
were prepared according to (Laemmli, 1970). Samples were stored
at 20 C, and protein determination was performed by Lowry’s
method, modiﬁed by Peterson for samples containing SDS
(Peterson, 1977). Proteins were separated by SDS–PAGE and trans-
ferred to nitrocellulose membranes using a semi-dry-blot system
(Omniphor, England). Blotted membranes were blocked and incu-
bated sequentially with a speciﬁc primary antibody, followed by
the secondary antibody linked to peroxidase, according to the man-
ufacturer’s recommendation. Immune complexes were visualized
by the colorimetric method using 0.05% chromogen 3,30-
diaminobenzidine (DAB) and 0.03% hydrogen peroxide. The expres-
sion of proteins was quantiﬁed densitometrically using the Scion
Image for Windows program (Alpha 4.0.3.2, Scion Corporation).
2.15. Determination of IC50 and AUC values
The values of half maximal inhibitory concentration (IC50) and
of area under the curve (AUC) were obtained using the program
Prism 5.0 (GraphPad Software). The IC50 was determined by non-
linear regression analysis between the logarithm of concentration
and the normalized response (percentage of cell viability). For each
viability assay a control without treatment was run in parallel,
which was denominated AUC = 100%. The values of AUC were cal-
culated by the trapezoidal method.
2.16. Statistical analysis
Results are presented as the means and the standard error of the
mean (S.E.M.). Values were derived from at least three triplicate
2028 Clarissa A.S. de Cordova et al. / Toxicology in Vitro 25 (2011) 2025–2034cultures per condition in three independent experiments. Multiple
comparisons were made by one-way analysis of variance (ANOVA),
followed by Dunnett’s post hoc tests, to compare against a single
reference group. When the time response effect of gallates on cell
viability was evaluated, two-way ANOVA was used, followed by
Bonferroni’s post hoc test. A value of p < 0.05 was considered to
be signiﬁcant.3. Results
3.1. Cytotoxicity of G8 and G12 in B16F10 murine melanoma cells
The cytotoxicity of G8 and G12 in the B16F10 mouse melanoma
cell line was evaluated initially by the MTT test. For this, concen-
tration response curves (0–100 lM) were performed at incubation
times of 24, 48 and 72 h, and the IC50 values and the AUC were
calculated (Table 1). The results indicate that both gallates wereTable 1
Cytotoxicity of octyl (G8) and dodecyl (G12) gallates in mouse melanoma B16F10
cells based on IC50 and AUC values.
Gallate IC50 (lM)a AUCb (% of control)
Octyl gallate
24 h 42.1 ± 2.1 5406 (53)*
48 h 18.7 ± 1.0 4110 (40)*
72 h 16.0 ± 0.8 3814 (37)*
Dodecyl gallate
24 h 24.0 ± 0.8 4065 (40)*
48 h 12.4 ± 0.7 3214 (32)*
72 h 11.4 ± 0.5 3105 (30)*
a Mean ± S.E.M., n = 3.
b AUC of control (cells without treatment) = 10,193.
* Signiﬁcant differences (p < 0.05) compared to control without treatment using
one-way ANOVA followed by Dunnett’s test.
Fig. 1. Time–response analysis of the effect of octyl (G8) and dodecyl (G12) gallates o
(0–100 lM) of G8 (a) and G12 (b), and cell viability was assessed by the MTT assay at 0, 2,
(n = 3). ⁄Signiﬁcant differences (p < 0.05) compared to time 0 using two-way ANOVA folcytotoxic to B16F10 cells in a time dependent manner and that
the values of IC50 decreased as a function of time.3.2. Time–response curve of G8 and G12 cytotoxicity in B16F10 cells
To determine the time of incubation needed to observe the
cytotoxic effect of G8 and G12 in B16F10 cells, cell viability was
assayed by the MTT test at times of 0, 2, 4, 6, 12, 24, 48 and
72 h. The compound concentrations used were of 5, 10, 25, 50,
75 and 100 lM. This evaluation allowed the determination of
the time range in which cell death occurred in response to the gal-
lates. This result is important for mechanistic studies, when viable
cells are needed. The time–response curve analysis allowed us to
conclude that the cell viability evaluated by MTT test decreased
signiﬁcantly after 24 h of incubation with all concentrations of
G8 and G12. Additionally, G12 promoted a decrease in cell
viability after 12 h of incubation with 75 lM or 4 h with 100 lM
(Fig. 1a and b).3.3. Organelle-speciﬁc cytotoxic effect of G8 and G12 in B16F10 cells
To verify whether the cytotoxicity induced by the G8 and G12 in
B16F10 cells was a general effect or speciﬁc effect on a particular
cellular organelle, we evaluated cell viability using different assays.
The cells were incubated with different concentrations of G8 and
G12 from 0 to 100 lM for a period of 24 h and tested by methods
that monitor mitochondrial activity (MTT), lysosomal function
(NR), plasma membrane permeability (LDH) and protein content
(or ribosomal activity) (SRB). The comparisons were made using
the IC50 and AUC values obtained from each method. The time of
incubation of 24 h was determined after preliminary tests, in
which we observed that, over longer periods of time (48 h), it
would not be possible to use equivalent concentrations of gallates
to those used in previous studies with MTT, due to the high cyto-
toxicity (100%) of the gallates observed by LDH and NR methodsn B16F10 cells viability. B16F10 cells were incubated at increasing concentrations
4, 6, 12, 24, 48 and 72 h of incubation. The results are expressed as the mean ± S.E.M.
lowed by Bonferroni’s test.
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AUC values was observed when cell viability was evaluated by
NR and LDH tests in comparison to the MTT test. Thus, it seems
that G8 and G12 promoted more signiﬁcant changes in lysosomal
function and in cell membrane permeability than interference withFig. 2. Cytotoxicity induced by octyl (G8) and dodecyl (G12) gallates in B16F10 cells e
concentrations (0–100 lM) of G8 and G12, and cell viability was assessed by MTT, NR, LD
IC50 values, obtained from the dose–response curve of the effect of G8 (a) and G12 (b)
incubation with G8 (c) and G12 (d) was performed in parallel. The results are expressed
assay using one-way ANOVA followed by Dunnett’s test. ns = non-signiﬁcant in Student
Fig. 3. Effect of octyl (G8) and dodecyl (G12) gallates on caspase-3 activity in B16F10 cells
periods of time ranging from 15 min to 24 h. Caspase-3 activity was evaluated ﬂuorim
substrate and was expressed in arbitrary units (AU) of ﬂuorescence, considering the a
expressed as the mean ± S.E.M. (n = 3). ⁄Signiﬁcant differences (p < 0.05) compared to thmitochondrial activity and in the ability of the cells to attach to the
culture plate (SRB) (Fig. 2a and b). These viability inhibition effects
were accompanied by a concomitant decrease of
macromolecules levels, such as protein (total protein) and DNA
(Fig. 2c and d).valuated by different methods. B16F10 cells were incubated for 24 h at increasing
H and SRB assays. Comparisons were made based on AUC (area under the curve) and
on B16F10 cell viability. The quantiﬁcation of protein and DNA cell content after
as the mean ± S.E.M. (n = 3). ⁄Signiﬁcant differences (p < 0.05) compared to the MTT
’s t-test.
: time–response analysis. Cells were incubated with 50 lM of G8 (a) and G12 (b) for
etrically by monitoring the cleavage of the Ac-DEVD-AMC caspase-3 ﬂuorogenic
ctivity of the control (0.2 ± 0.012 UF/h/mg of protein) as one unit. The results are
e untreated control using one-way ANOVA followed by Dunnett’s test.
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A time–response analysis of G8 and G12 in relation to caspase-3
activity was performed initially. B16F10 cells (1  106) were
treated with 50 lM G8 and G12 for periods of time ranging from
15 min to 24 h (15 min and 1, 2, 4, 6 and 24 h). Evaluation of cas-
pase-3 activity was performed ﬂuorimetrically by monitoring the
cleavage of the Ac-DEVD-AMC caspase-3 ﬂuorogenic substrate. A
signiﬁcant increase of caspase-3 activity was observed at the initial
times (between 15 min and 1 h) of incubation with G8 and G12
(Fig. 3a and b). In addition, the protease activity did not change sig-
niﬁcantly when comparing the untreated control with samples
incubated from 2 to 24 h with the gallates.3.5. Decrease in mitochondrial membrane potential induced by G8 and
G12 in B16F10 cells
The mitochondrial membrane potential was investigated after
15 min of incubating B16F10 cells (3  105) with 50 lM GA, G8
and G12 using the JC-1 ﬂuorescent probe and 5 lM FCCP as a po-
sitive control. In this experiment, a decrease in mitochondrial
membrane potential in response to G8 and G12 incubation was ob-
served, as evidenced by the decrease in the intensity of the red and
green ﬂuorescence ratio (Fig. 4a and b). This result suggests the
involvement of the intrinsic pathway of apoptosis in the mecha-
nism of cell death induction by the gallates.Fig. 4. Effect of gallic acid (GA), octyl gallate (G8) and dodecyl gallate (G12) on the mitoch
with 50 lM of the gallates and 5 lM FCCP as a positive control. The mitochondrial membr
analysis in spectroﬂuorimeter. The results are expressed as the mean ± S.E.M. (n = 3). ⁄S
ANOVA followed by Dunnett’s test. (b) Representative images of at least three qualitativ
Fig. 5. Western-blot analysis of Fas receptor, Bax and Bcl-2 proteins in B16F10 cells trea
receptor; (b) Bax protein; (c) Bcl-2 protein. The results are expressed as mean ± S.E.M. (n
way ANOVA followed by Dunnett’s test.3.6. Effect of G8 and G12 on the expression of Fas, Bcl-2 and Bax
proteins in B16F10 cells
Fas death-receptor activation is associated with apoptosis
initiated by the extrinsic pathway, and the Bcl-2 family members,
Bcl-2 and Bax, account for anti- and proapoptotic functions,
respectively. Assessments of the Fas death receptor (Fas) and the
anti- and proapoptotic proteins’ (Bcl-2 and Bax) expression were
performed in an incubation time of 3 h with gallates. The results
indicate that G8 and G12 did not promote changes in the expres-
sion of cell death receptor Fas (Fig. 5a); however, G8 and G12 pro-
moted a signiﬁcant increase in the expression of the proapoptotic
protein Bax (Fig. 5b) and a decrease in the anti-apoptotic protein
Bcl-2 level (Fig. 5c).3.7. Induction of oxidative stress in B16F10 cells by G8 and G12
Catalase activity, lipoperoxidation and free radical generation
were evaluated in B16F10 cells incubated with 50 lM G8 and
G12. The effects on non-protein thiol content (GSH, GSSG and
GT), as well as on the activity of gamma glutamyl cysteine synthase
(GGCS), were evaluated in previous studies by this laboratory
(Locatelli et al., 2009). B16F10 cells (3  106) were incubated for
3 h with 50 lM AG, G8 and G12 or with 1 mM H2O2 and 200 lM
Trolox, which were used as positive and negative controls, respec-
tively. Cell extracts were obtained for the evaluation of lipid perox-
idation and catalase activity. In B16F10 cells treated with gallates,ondrial membrane potential of B16F10 cells. B16F10 cells were incubated for 15 min
ane potential was investigated using the JC-1 as a ﬂuorescent probe. (a) Quantitative
igniﬁcant differences (p < 0.05) compared to the untreated control using one-way
e analysis in ﬂuorescence microscope.
ted with octyl (G8) and dodecyl (G12) gallates. The incubation time was 3 h. (a) Fas
= 3). ⁄Signiﬁcant differences (p < 0.05) compared to the untreated control using one-
Fig. 6. Oxidative stress evaluation in B16F10 cells exposed to gallic acid (GA), octyl gallate (G8) and dodecyl gallate (G12). B16F10 cells were incubated for 3 h with 50 lM of
GA, G8 and G12, 1 mM H2O2 (positive control) and 200 lM Trolox (negative control). Intracellular reactive species: (a) quantitative evaluation in a spectroﬂuorimeter. (b)
Qualitative evaluation in a ﬂuorescence microscope. (c) Lipid peroxidation. (d) Catalase activity. The results are expressed as mean ± S.E.M. (n = 3). ⁄Signiﬁcant differences
(p < 0.05) compared to the untreated control using one-way ANOVA followed by Dunnett’s test.
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tively using the DCFDA ﬂuorescent probe. G8 signiﬁcantly in-
creased the lipid peroxidation and reactive species generation in
relation to the control in 34% ± 1 (Fig. 6c) and 123% ± 11 (Fig. 6a
and b), respectively. G12 increased reactive species generation in
relation to the control in 69% ± 8 (Fig. 6a and b) but did not
promote lipid peroxidation (Fig. 6c). In addition, both gallates, G8
and G12, promoted catalase activity inhibition in relation to the
control in 47% ± 11 and 30% ± 14, respectively (Fig. 6d).4. Discussion
Cytotoxicity assays are useful to indicate the ability of a com-
pound to cause cell death as a consequence of damage to one or
more cellular functions (Weyermann et al., 2005). Among the cyto-
toxicity assays for the detection of cell viability following exposure
to chemicals, the LDH leakage assay, a protein assay (SRB), the NR
assay and the MTT assay are the most commonly employed
(Fotakis and Timbrell, 2006).
The different mechanisms which result in cell death may inﬂu-
ence the sensitivity of the cytotoxicity assay used. The variation of
incubation times may be an alternative to reduce these differences
of sensitivity. It was reported that the LDH assay gives satisfactory
responses using cell membrane damaging agents, but results ob-
tained with this assay are sometimes misleading if the toxic agent
only inﬂuences intracellular activities. Such alternatives as theMTT and NR assays can be used to indicate some of these internal
damages.
The cytotoxic activity in B16F10 cells of G8 and G12 used in this
study was investigated in previous studies from our laboratory by
measuring the cellular metabolic activity by the MTT method
(Locatelli et al., 2009). In this work, the temporal evaluation of this
effect revealed that the cytotoxicity of gallates G8 and G12, evalu-
ated by the MTT assay, occurred after 24 h of incubation with the
gallates’ amounts corresponding to the IC50 (Fig. 1a and b). In a
more comprehensive evaluation using different cell viability as-
says, it was observed that G8 and G12 promoted more signiﬁcant
changes in lysosomal activity and cell membrane permeability
than interference in mitochondrial activity. Our study revealed
an IC50 value about six times lower with the NR assay or three
times lower with the LDH assay than with the MTT and SRB assays
(Fig. 2a and b). This difference can be due to the fact that the plas-
ma membrane, which is the ﬁrst site exposed to the compounds
was attacked easily when compared to mitochondria an internal
drug target. This effect can also be related with cell death in the
late apoptotic process in vitro, when membrane integrity is im-
paired. Concerning if the gallates enter or not into the cell or if they
are able to interact with lipid membranes, in a study comparing
the activity of dodecyl gallate with its precursor compound, gallic
acid, that lacks the hydrophobic alkyl moiety, it was suggested that
the dodecyl group allow to partition into cells and organelle lipo-
philic membranes (Kubo et al., 2002). The authors proposed that
the head and tail structure of hydrophilic pyrogallol moiety of gal-
lates bind to the hydrophilic portion of the membrane surface; in
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phobic interior surfaces of the membrane. Consequently, the in-
crease of the chain length increases the lipophilicity and the
mobility into the membrane lipid bilayer portions and subse-
quently disturbs the membrane ﬂuidity (Fujita and Kubo, 2002;
Kubo et al., 2001). Additionally the log P (the logarithm of the
partition coefﬁcient in a biphasic system, e.g., n-octanol/water,
which describes the macroscopic hydrophobicity of a molecule),
of G8 and G12 are 3.32 and 5.3, respectively (Leal et al., 2009; Ros-
so et al., 2006). Thus, they present a certain grade of hydrophobic-
ity, theoretically able to interact with the lipid membrane,
although our study did not address directly this aspect.
In addition, we found that the diminution of cellular protein
content was similar to the cellular DNA content suggesting that
the compounds did not have an inﬂuence on protein synthesis
(Fig. 2c and d).
An antitumor substance investigation is based on the ability of
the compound to promote cell death by apoptosis (Isuzugawa
et al., 2001). Thus, understanding the mechanisms underlying mel-
anoma oncogenesis is critical for developing successful therapies.
An abnormal apoptosis pathway contributes to the tumor cells’
transformation process. According to Russo et al. (2009), deregula-
tion of the intrinsic pathway (mitochondria-dependent) of apopto-
sis is the basis for chemotherapy and apoptosis resistance in
melanoma. Although some studies have shown a cytotoxic effect
on various tumor cell lines of gallic acid and its derivative n-alkyl
esters, octyl and dodecyl gallate, the underlying molecular mecha-
nism is still unclear. Previous studies from our laboratory indicated
apoptotic cell death characteristics, such as chromatin condensa-
tion and DNA fragmentation, in response to G8 and G12 in
B16F10 melanoma cell line (Locatelli et al., 2009). Here we further
investigated the effect of G8 and G12 on caspase-3 activity and ob-
served an inductive effect of the protease activity by both com-
pounds (Fig. 3a and b). To obtain more speciﬁc information about
apoptotic cell death mechanisms, the measurement of caspase
activity can be used as a complementary test to the analysis of
DNA fragmentation. Although some authors reported that apopto-
tic cell death may occur independently from caspase activation
(Carmody and Cotter, 2000; Kroemer and Martin, 2005), the pres-
ence of active caspase-3 can be used as a marker of apoptosis
(Ghavami et al., 2009; Porter and Janicke, 1999). In addition to
DNA fragmentation and caspase activation, G8 and G12 did induce
a decrease in mitochondrial membrane potential (Fig. 4a and b), an
increase in Bax expression (Fig. 5b) and a decrease in Bcl-2 expres-
sion (Fig. 5c), and did not alter the Fas receptor level (Fig. 5a). This
inhibitory effect of G8 and G12 on Bcl-2 expression is particularly
important because it is known that this protein is involved in the
elevated resistance of melanoma cells to apoptosis. Overexpression
of the anti-apoptotic protein Bcl-2 was observed in melanoma cells
and in melanocytes and seems to be involved in melanoma pro-
gression and in the chemoresistance of these cells (Ji et al.,
2010). Mitochondrial membrane potential collapse may result in
the release of cytochrome c into the cytosol, where it would partic-
ipate in the mechanism of apoptosis (Bossy-Wetzel and Green,
1999). The intrinsic pathway of apoptosis is regulated by members
of the Bcl-2 family. This family is composed of pro- and antiapo-
ptotic members. Bcl-2 and Bcl-XL are antiapoptotic proteins that
inhibit apoptosis by preventing cytochrome c release. In contrast,
Bax, Bid and Bak are proapoptotic proteins. Bcl-2 is able to inhibit
ROS generation and intracellular acidiﬁcation, as well as stabilize
the mitochondrial membrane potential (Vander Heiden and
Thompson, 1999). Bax and Bcl-2 protein are able to form homo-
(Bax–Bax and Bcl-2–Bcl-2) and heterodimers (Bax–Bcl-2), thus
deﬁning the balance between pro- and antiapoptotic signals in
the cell. However, Bax proteins may promote apoptosis through
their interactions with mitochondrial membranes, independentlyof their ability to interact with antiapoptotic proteins (Petros
et al., 2004). Together, these observations indicate that G8 and
G12 induced apoptotic damage to cultured murine melanoma cells
(B16F10), probably by activating the intrinsic apoptosis pathway,
resulting in the reduction of their viability under in vitro experi-
mental conditions.
Apoptotic cell death is often described as occurring as a conse-
quence of oxidative insults. Therefore, it seems reasonable to infer
that the cytotoxic effects of G8 and G12 observed in this study may
be the result of oxidative damage to cells because both G8 and G12
were able to generate reactive species (Fig. 6a and b) and to inhibit
catalase activity (Fig. 6d) in B16F10 cells. In addition, G8 also in-
duced lipid peroxidation in B16F10 cells (Fig. 6c). Previous studies
in our laboratory demonstrated that the cytotoxic effect of G8 and
G12 in B16F10 cells was reduced in the presence of antioxidants
(Locatelli et al., 2009). Although the mechanism by which gallic
acid induces cell death was diverse among various cell types, the
production of reactive oxygen species and the elevation of intracel-
lular calcium concentration were required as common signals
(Sakaguchi et al., 1998). It was also shown that gallic acid-sensitive
cells produced small amounts of catalase, in contrast to the insen-
sitive cells, which produced large amounts of catalase and released
it into the medium. This may be explained as due to the cell death
mechanism induced by gallic acid, which involves the generation
of hydrogen peroxide (Isuzugawa et al., 2001). Moderate or high
concentrations of reactive oxygen species can become cytotoxic
by blocking cell proliferation and inducing apoptotic or necrotic
cell death (Dreher and Junod, 1996). This induction of apoptotic
cell death through increased production of mitochondrial reactive
species, leading to pore formation in mitochondria and subsequent
cytochrome c release, has been described as an effect of several
natural compounds (Lee et al., 2001). The hypothesis that the
apoptotic cell death in a murine melanoma cell line is a conse-
quence of the pro-oxidative action of G8 and G12 is supported by
its ability to induce NF-jB, a factor that was characterized in pre-
vious studies (Locatelli et al., 2009). Although the NF-jB activation
may promote the transcription of both anti- and proapoptotic pro-
teins, it was reported that its activation occurs in pro-oxidant con-
ditions (Meyskens et al., 1999). In this way, it is possible to infer
that the NF-jB induction by esters of gallic acid demonstrated in
previous studies would be directly related to the induction of
ROS generation by these compounds.
Previously we have demonstrated the HOCl scavenging capabil-
ity (Rosso et al., 2006) and cytotoxicity on B16F10 cells (Locatelli
et al., 2009) of the gallic acid and 14 n-alkyl gallates, with the same
number of hydroxyl substituents, varying only the side carbonic
chain length. All tested gallates, regardless of their alkyl chain
length, showed a potent scavenging activity. However, only four
gallates showed cytotoxic effect to B16F10 cells, indicating that
the alkyl chain length was not directly related to its antioxidant
activity and that the cytotoxic activity depends on the alkyl chain
length.
The H-atom or electron transfer and metals chelation are the
main mechanisms proposed in related studies on the antioxidant
action of polyphenols. In respect to gallic acid, the excellent ROS
scavenger action was suggested to be due to a hydrogen atom
donation (Leopoldini et al., 2011). However, the development of
pro-oxidative properties by phenolic antioxidants such as propyl
gallate was also demonstrated, and it was suggested that it occurs
due to redox reactions among metal ions and the phenolic com-
pound (Aruoma et al., 1993; Jacobi et al., 1999; Kobayashi et al.,
2004; Rodtjer et al., 2006).
Octyl gallate has been suggested to present both antioxidant
(Nakayama et al., 1993) and pro-oxidant properties (Roy et al.,
2000) depending on its concentration and cellular conditions; con-
sidering that theantioxidant effect is related tohigher concentrations
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and metal ions. This effect was demonstrated in an experiment in
which low concentrations of propyl gallate, in combination with
copper, induced lipid peroxidation in human ﬁbroblasts (Jacobi
et al., 1999). Moreover, in other study, low concentrations of aloin,
oneof the twomain componentsofAloe, exhibitedpro-oxidant effect
due its reducing activity on iron ions,which enhanced the generation
of hydroxyl radicals by Fenton reaction. Otherwise, at higher concen-
trations, the free radical-scavenging activity of aloin gradually pre-
dominated over its reducing power, resulting in the protection of
DNA (Tian and Hua, 2005).
After the ﬁnding that numerous proteins involved in the apop-
totic signaling cascade are associated with mitochondria, it was
postulated that this organelle plays a dual role within the cell,
functioning both in energy metabolism and in cell death (Regula
et al., 2003). Concomitantly with the loss of mitochondrial
membrane potential observed in our study, the mitochondrial
permeability transition induction by ROS releases several factors
relevant to apoptosis, such as cytochrome c, apoptosis inducing
factor (AIF) and endonuclease G (EndoGIA) (Cai and Jones, 1998;
van Gurp et al., 2003). In previous studies from our laboratory, it
was also demonstrated that G8 and G12 decrease the reduced/oxi-
dized glutathione ratio (Locatelli et al., 2008, 2009). Changes in the
GSH level and in the redox state of mitochondria are associated
with oxidative stress induced by various oxidizing agents (Brodie
and Reed, 1992; Mckernan et al., 1991).
At the cellular level, the gallic acid esters, are hydrolyzed enzy-
matically by cytoplasmic esterases to gallic acid and alcohols
(Kubo et al., 2002; Nakagawa et al., 1995). Studies on the carcin-
ogenicity of propyl gallate in human leukemia cell line suggest
that its hydrolysis product, gallic acid, plays an important role
in this effect since it is more easily oxidized than propyl gallate,
resulting in redox activity enhancement, and consequently in
increasing the reactive oxygen species production (Kobayashi
et al., 2004). On the other hand, when rat hepatocytes were incu-
bated with the esterase inhibitor diazinon the cytotoxic effects of
propyl gallate was enhanced suggesting that the hepatotoxicity
induced by propyl gallate was not mediated by its metabolites
(Nakagawa et al., 1995). In our study, gallic acid did not alter cell
viability, mitochondrial potential nor cellular redox status in
mouse melanoma B16F10 cells suggesting that unlike the exper-
iment with propyl gallate mentioned above, these effects do not
depend on gallic acid formation by esterases hydrolysis of G8
and G12.
In conclusion, to increase the reliability of our results, we used
more than one assay to determine the effects of G8 and G12 on the
viability of B16F10 cells. G8 and G12 induced lysosomal damage
and a signiﬁcant LDH release in lower concentrations than those
necessary to obtain the same effect on mitochondria. The interac-
tion of the compounds with the plasma membrane probably trig-
gered the cascade of cell death. Additionally, it has been shown
evidences that, at least in particular conditions, the release into
the cytosol of lysosomal constituents may initiate the events re-
lated to apoptosis. The triggering of the apoptotic cascade may in-
volve early release of lysosomal constituents leading to an increase
in mitochondrial oxidant production, additional lysosomal rupture
followed by mitochondrial cytochrome c release.
The induced apoptotic cell death by G8 and G12 that was dem-
onstrated by our previous studies was conﬁrmed here by caspase-3
activation. The observed loss of mitochondrial membrane potential
reﬂects a mitochondrial dysfunction, which was accompanied by
an elevation of expression of the proapoptotic protein Bax and by
an inhibition of the antiapoptotic protein Bcl-2 and seems to be
due to a pro-oxidative effect of G8 and G12 in B16F10 mouse mel-
anoma cells. Our further studies will be addressed to interactions
of gallates with lipid membranes.Conﬂict of interest
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